A novel and simple chemical method was developed to fastly synthesize Au nanoplates with size of micrometers and tens of nanometers in thickness. The synthesis was carried out within 30 minutes by thermal reduction of precursors (HAuCl 4 ) in the presence of binary surfactants Poly(vinylpyrrolidone) (PVP) and cetyltrimethylammonium bromide (CTAB) in ethylene glycol (EG) solution. The presence and concentration of PVP and CTAB in the growth solution play important roles in the fast formation of Au nanoplates. The obtained Au nanoplates exhibit strong surface plasmon absorption in the near-infrared region (NIR), displaying a considerable dependence on the shape and size. Characterizations by Transmission electron microscope and X-ray diffraction indicated that the nanoplates are single crystals with (111) planes as two basal surfaces. Explanations for the nuclei formation and crystal growth behind anisotropic Au nanoplates were proposed.
Introduction
For more than one decade, nanometer-sized noble metal particles, especially gold (Au) and silver (Ag), have attracted considerable attention not only because of their size-and shape-dependent optical and electronic properties distinctly different from their bulk materials, but also due to their potential applications in thermal, catalysis, surface-enhanced Raman scattering, photoelectronic devices, biomedical diagnostics, and other related fields [1] [2] [3] [4] [5] . In the case of optical property, it is found that the optical absorption of nanostructures is highly dependent on the exact morphology and the aspect ratios of Au products. Both experiment data and theoretical calculation show that one of the plasma resonances, in particular for Au nanorods is strong and tunable throughout the visible to nearinfrared region in the spectrum, which opens new possibilities for many attractive fields [6] [7] [8] [9] . And now it is accepted that nanogold does not glitter, but its future looks bright.
Because of sizes and shapes distribution, most of the presented properties in published works reflect a mean effect of the sample rather than a single nanoparticle. The monodispersity of nanoparticles and the uniformity of size and shape are important for both fundamental research and potential technological applications. At present, although some methods related to colloidal chemistry have been established for the fabrication of shape-controlled Au and Ag nanostructures, much attention was paid on developing new methods to control the anisotropic growth of crystals into defined morphologies. For anisotropic Au and Ag nanostructures, various shapes, such as nanorods, nanowires, nanoplates, nanorings, polyhedron, nanoprisms, and nanocubes [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , can be synthesized by seedmediated synthesis [15, 19] , template-directed synthesis [16] , polymer-assisted synthesis [17] , microwave heating [18] , and chemical approach (electrochemistry, photochemistry, and sonochemistry) [24, 25] .
Among these anisotropic nanoparticals, the monodispersity of two-dimensional nanoplates with flat surfaces 2 Journal of Nanomaterials and regular shapes has attracted great attention due to their promising applications in distinctive optical properties associated with the collective oscillations of conduction electrons [21, 26] . In the case of Au platelets, the crystal was usually synthesized via the modified polyol procedure (ethylene glycol in most cases) with the presence of capping agents. Among the capping agents, Poly(vinylpyrrolidone) (PVP) was extensively used in preparing many types of colloidal nanocrystals, because it not only has a reducing effect on metal ions and but also can prevent the product from agglomeration [27] . Another cationic surfactant, cetyltrimethylammonium bromide (CTAB), was also used to control the morphology of nanoparticles (Au nanorods in most cases) [28] [29] [30] . Recently, one group reported a wet-chemical process for the seed-mediated growth of Au nanoplates on an indium tin oxide surface with binary surfactants PVP and CTAB [31] . At present, the clear action of surfactants during the fabrication of nanoparticles is still a challenge.
In our recent work, we explored a simple and modified time-saving polyol method for mass fabrication of Au nanoplates. The obtained Au nanoplates are of singlecrystalline with several micrometers in size and tens of nanometers in thickness. The optical properties and the effect of surfactants concentration on the shape and size were investigated. Growth mechanism for the Au nanoplates was also proposed.
Experimental Section

Chemicals and Materials.
Cetyltrimethylammonium bromide (CTAB, ≥ 99%, Aldrich) and Poly(vinylpyrrolidone) (PVP, K-30, Mw = 40 000, Aldrich) were purchased from China Sinopharm Chemical Reagent Co., Ltd. PVP was obtained by using the molecular weight of the polymer reported by the supplier, taking into account the mass of the repeating unit (111 g/mol). Ethylene glycol (EG, Aldrich) and hydrogen tetrachloroaurate tetrahydrate (HAuCl 4 ·4H 2 O, Aldrich) were purchased from Shanghai Chemical Reagent Co., Ltd. All of the materials were obtained as received without further purification. The acetone and ultrapure deionized water (18.3 MΩ · cm −1 ) were used for centrifugation.
Synthesis of Au
Nanoplates. In a typical experiment for synthesis of Au nanoplates, 10 ml EG was added into the round-bottom flask and heated to 150
• C in air atmosphere under magnetic stirring in an oil bath. 2 mL HAuCl 4 solution (0.05 M, in EG) was added into 4 mL CTAB solution (0.05 M, in EG). Then the mixture was kept at 80
• C in an oven for 10 minutes. After preheating, we injected the mixture quickly into the heated EG solution within 15 seconds. Then 3 mL PVP solution (111 mg/mL, in EG) was injected dropwise over a period of ∼ 2 minutes (the molar concentration ratio (R) between the repeating unit of PVP and Au is 30). The reactant mixture was continuously stirred at 150
• C up to 30 minutes. For the subsequent characterization, the samples were centrifuged at ∼ 3000 rpm with acetone for 20 minutes. To remove the possible contamination, the product was centrifuged with ultrapure deionized water twice. And the final samples were kept in the ultrapure deionized water.
Characterization.
Optical absorption spectra for the samples were recorded on a UV-vis-NIR spectrophotometer (SP-752PC) in the wavelength range from 200 nm to 1100 nm. For optical absorption measurement, the samples sampled at different reaction times were dispersed in EG in glass cell with a 5-mm path length. Transmission electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM) images and selected-area electron diffraction (SAED) studies were taken on JEM-1010 and JEM-2100. For TEM measurements, a drop of the sample was dispersed onto a copper grid and evaporated in air at room temperature. Field-emission scanning electron microscopy (FE-SEM) measurements were carried out with a microscope (ESEM, Sirion200, FEG) operated at 20 kV. The X-ray diffraction (XRD) pattern was conducted on a diffractometer (Ultima-III, Rigaku) with Cu Kα radiation. Atomic force microscopy (AFM) images were generated with a multimode scanning probe microscope (SPM) in the tapping AFM mode (Veeco, MultimodeNanoScope 3D). Figure 1 shows the color changes of the reactant mixture sampled at different times. The color of the sample turned from yellow to red brown (Figure 1(a) ), when the EG solution mixed with CTAB and HAuCl 4 was kept at 80
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Color Changes and the UV-vis-NIR Spectra.
• C for 10 minutes. After the mixture was injected into the preheated EG solution, the color changed to yellowish (Figure 1(b) ). After addition of PVP solution, the reaction system changed quickly into colorless with reaction time of about 7 minutes (Figure 1(e) ). With time increasing, the shiny products could be observed. After about 30 minutes the reaction and crystal growth were completed, which could also be reflected from the optical spectra measurement.
Corresponding to the changes in the solution color, the crystal growth process has also been monitored by UV-vis-NIR spectroscopy. Optical absorption spectra for the samples in EG solution were presented in Figure 2 . At the initial stage, only one absorption peak at 340 nm was detected (Figure 2 solution of HAuCl 4 , another Au ion (AuBr 4 − ) with an absorption spectrum in the UV part was formed [30, 32] . The peak of unique "fingerprint" for AuCl 4 − ions in aqueous solution at 320 nm shifted to 340 nm [21] . One possibility is the coexistence of AuBr 4 − and AuCl 4 − ions. Corresponding to the color changes after addition of PVP, the absorption peak decreased with time and disappeared after 7 minutes (see curve-e in Figure 2 (a)), indicating a complete reduction of Au(III) to Au(I). Then with the reaction time, the reduction of Au(I) to atomic Au(0) results in nucleation of Au(0) and crystal growth processes in the solution. Subsequently, the absorption in the NIR region ever increased as indicated by the optical absorption spectra (see curve-f in Figure 2(b) ). With increase of reaction time, the broad absorption band shifted to ∼1050 nm (see curves i and j), which is the mean effect of the absorption for both in-plane and out-of-plane polarizations assigned to the dipole and quadrupole plasmon resonances of nanoplates in EG solution (Note: quadrupole resonance of Au nanostructures at ∼820 nm is rarely observed because it was usually overlapped by the broad in-plane dipole resonance) [13, 33, 34] .
Structural Characterizations.
The typical FE-SEM images of Au nanoplates with low-and high-magnification are shown in Figures 3(a) and 3(b) . It can be seen that the final product is dominated by regular hexagonal shape with average edge size of ∼ 5 μm. Some spherical Au nanoparticles are also observed as by-products. AFM was used to delineate the shape and size of the obtained Au nanoplates. The section analysis on AFM image shows that the nanoplate has a quite smooth surface over the width and is about 28 nm in average thickness (Figures 3(c) and 3(d) ). (220), and (311) are face-centered cubic (fcc) structure of Au nanoplates. In contrast to the overwhelming strong (111) diffraction peak at about 38.2
• in the pattern, other diffraction peaks (see insertion) are very weak (The relative diffraction intensity of (200)/(111) is 0.005, which is much lower than the corresponding conventional value (0.52, JCPDS 04-0784)). The lattice constant calculated from this XRD pattern was 4.080Å, which is perfectly in agreement with the literature value of 4.086Å. The XRD result and above SEM images indicate that the main product is single crystalline with (111) planes as two basal surfaces, and the (111) planes tend to be oriented parallel to the substrate surface. For Au structure of this morphology, it is quite common that the lowest free energy of the (111) planes can induce the formation of platelike structure in chemical method [35, 36] .
TEM images of the Au nanoplates are shown in Figures 5(a) and 5(b) . Figure 5 (a) presents some typical Au nanoplates of regular hexagonal shape. The background of carbon capped copper grid can be obviously observed, providing another piece of evidence for that the nanoplates are ultrathin in accordance with the AFM result. The SAED pattern (inset of Figure 5 (b)) corresponds to Au nanoplate viewed along 111 direction and presents three sets of diffraction spots with six-fold rotational symmetry, which could be indexed to {220}, {422}, and fractional (1/3){422} reflections. The SEAD is dominated by the kinematically forbidden fractional (1/3){422} spots which are commonly observed in 111 oriented flat-lying nanoplates. Similar forbidden reflections have been observed previously on thin films or platelets of fcc structure crystal with {111} surfaces and rather small thicknesses in the perpendicular direction [37] [38] [39] [40] [41] . The (111) stacking fault lying parallel to the (111) surface is ever proposed to explain the occurrence of the (1/3){422} reflections [42] [43] [44] . Shown in Figure 5 (c) is the HRTEM image of the edge part of one hexagonal Au nanoplate. The lattice spacing (0.25 nm) agrees fairly well with 3 × {422} lattice spacing (0.249 nm) of Au crystal. This observation is strongly consistent with the SAED analyses and also demonstrated that these 3 × {422} fringes build a perfect lattice and extend across the entire nanoplates. images of Au nanoplates fabricated with the molar ratios of 5, 3, and 1, respectively. With a molar ratio of 5, the product is mainly composed of large Au plates with several tens of micrometers ( Figure 6(a) ). When the Au nanoplates were synthesized with a molar ratio of 3, nanoplates of several micrometers in size are the main product, together with a few polyhedral Au particles ( Figure 6(b) ). Inserted in Figure 6 (b) is the image of the boxed part, indicating that the (111) basal planes are perpendicular to the side facets. The sizes of Au nanoplates formed with a molar ratio of 1 are less than 5 μm (Figure 6(c) ). Figure 6(d) is the Au nanoplates synthesized without CTAB as will be described in the following. Figure 7 presents the times when the reaction system became colorless, that is, for completely reduction of Au(III) to Au(I), and completion of the synthesis. It can be seen that the reaction and the crystal growth can be completed within 30 minutes at the optimal molar ratio of 2. When the molar ratio is lower or much higher than 2, it decreases the reduction rate of Au(III) to Au(I) and hence nucleation efficiency of Au(0) into seeds in the solution. Accordingly, the reaction will last for a long time. These results clearly demonstrate that the CTAB concentration influences the shape and size of Au nanoplates and the molar ratio also plays an important role on the reduction rate. When the synthesis was carried out in the absence of CTAB with [PVP]/[HAuCl 4 ] molar ratio of 30, the reaction and crystal growth would take a long time (more than 2 hours), and the main products were regular shapes (triangular, hexagonal, or truncated triangular) with edge length up to tens of micrometers, as shown in Figure 6(d) . On the other hand, when only CTAB was applied in the synthesis system, the reaction lasted for a long time, in which the duration of colorless stage, that is, Au(I) → Au(0), is more than 10 hours and only some particles with irregular shapes were found in the final product. Meanwhile, it is found that the reaction temperature is another important factor affecting the synthesis process and the shape of the final product. Thus, assisting with a certain concentrations of PVP and CTAB, temperatures among 140
Growth Conditions for Au
• C ∼160 • C are suitable for the formation of Au nanoplates. However, when the reaction temperature is at about 120
• C, the reaction process will slow down, and the colorless solution will be kept for more than 3 hours. The final product is dominated by a small number of large and thick Au plates (not shown).
From the above results, it can be seen that the presence and the concentration of PVP and CTAB in the growth solution played important roles for the time-saving synthesis of Au nanoplates. We found that the molar ratios of [ 
Proposed Mechanism on the Formation of Au Nanoplates.
Although some groups have presented the possible growth mechanisms of the regular structure according to their results and fabricating conditions, the exact growth has yet to be established. Thus, it is believed that hexagonal-close-packed (hcp) structure and planar defects (e.g., twin defects or stacking faults) on the lateral facet of seeds play important roles in the growth orientation and final shape of the crystal [43, 45] . Even for the mechanism itself, arguments on it were more proposed recently [23, 46] . One is that twinned crystal seeds have not been observed to form in situ at present because of the fast nucleation and the limitation of measurement technique. From experimental results, we present our understanding on the nuclei formation and crystal growth behind anisotropic Au nanoplates. CTAB, the Au complexes (CTA + AuBr 4 − ) were formed rather than formation of Au colloids [32] . At high temperature, the molecule of EG may be decomposed to a kind of reducing agent glycollic aldehyde with two aldehyde groups (-CHO) that have strong reductive property. On the other hand, it is known that the polar pyrrolidone rings of PVP have affinity toward many chemicals to form coordinative compounds, in which metal ions would receive lone pair of electrons from the ligand of -N and C=O in pyrrolidone ring [27] . Therefore, the solution rapidly became colorless at a high temperature (150
Reduction of Au(III
• C), implying the formation of colorless AuBr 2 − compound. Subsequently, the metastable state of AuBr 2 − was reduced to Au(0) instantaneously. The high reduction rate of Au(III) to Au(0) induced the supersaturation of Au(0) in solution, which in turn leads to the formation of Au nuclei.
Formation of Seeds and Crystal Growth.
Under thermal equilibrium, twinned and multiply (usually five-fold) twinned particles are widespread habits both in synthetic and natural materials. However, the defect energy that exists along the twinned facets will limit the growth of twinned structure. This indicates that twinned seeds need to be confined to relatively small sizes. If these seeds expand in size rapidly, low surface energy of {111} facets can no longer remedy the excessive energy, resulting in their transformation into single crystals [47] . Thus, when the reduction of metal ions to atoms is fast, single-crystal seeds will prevail over multiply twinned counterparts. On the other hand, in the hot system, the formed Au nuclei are exposed to oxygen, and the twinned seeds will be oxidized and dissolved in solution possibly due to the critical oxidation size, the oxidizability of reaction environment, or the instability of ultra fine particles [48, 49] .
With the use of capping agent in the synthesizing system, the growth rates of crystal are often controlled (kinetically rather than thermodynamically) by the sticking probability on a given face [23, 50] . The competition (and/or cooperation) between the surface energy difference and the coordination effect will confer the tendency to form single-crystalline nuclei bounded by a certain facet, which in turn not only determine the crystallographic growth of the particles but also drastically change the kinetics of crystal growth. At the favorite [ 4 ] molar ratios, we suggest, though the exact interaction is still under study, that the polar groups are preferentially adsorbed on the sites of the {111} planes of Au nuclei, which greatly decreases the surface energy of the {111} planes and leads to preferential growth within the {111} planes into two-dimensional structures. Then the question is: how the Au crystals grow into nanoplates with different shapes?
From our result, such as the perpendicular relation between the side facets and the basal planes ( Figure 6(b) ), the formation of Au nanoplates can be understood based on the growth of the (111) planes (Figure 8 ). From the data in the Figure 8(a) , it can be seen that the nuclei grow uniformly along six 110 directions if the growth environment is uniform, resulting in the formation of hexagonal plate surrounded by three pairs of {110} lateral faces. However, in the open experiment system, the crystal growth would inevitably deviate from uniform growth along six 110 directions. Therefore, truncated triangular and triangular plates will be formed if the nuclei are grown along different 110 directions (or to some extent), as shown in Figure 8 
Conclusions
In summary, this paper provides a novel solution-phase approach for fast fabrication of single-crystalline Au nanoplates with well-defined hexagonal shapes by a modified polyol process with binary surfactants. The reduction of Au(III) and crystal growth were studied by optical absorption spectrum and color changes observation. Structural characterizations indicate that the obtained Au nanoplates, with (111) planes as two basal surfaces, have quite smooth surfaces in width and tens of nanometers in average thickness. The binary surfactants of PVP and CTAB with optimal concentration play a key role for promoting reduction of Au(III) to Au(0) and the formation of hexagonal Au nanoplates with nearly uniform size. The growth of the (111) planes in an open experiment system was proposed to explain the differences in shapes. This paper provides a highyield and time saving method for fabricating well-defined single-crystalline metal nanoplates.
